The effects of fluorine ion bombardment on the channel transport properties of AlGaN / GaN heterostructures have been investigated. Ion bombardment of the heterostructure was carried out within a CF 4 plasma in a reactive ion etching system at various self-bias voltages. Hall mobility and sheet electron concentration for the two-dimensional electron gas showed strong dependence on bombardment duration and postbombardment annealing. A systematic study of the behavior of implanted fluorine ions in the annealed heterostructure reveals diffusion followed by accumulation of the ions at the heterointerface. Implications of such behavior on the performance of high electron mobility transistors are briefly discussed.
I. INTRODUCTION
AlGaN / GaN high electron mobility transistors ͑HEMTs͒ have recently emerged as promising candidates for highspeed, high-power, and low noise application at microwave and millimeter wave frequencies.
1 Multiple performance related issues, such as passivation of the HEMT surface to mitigate current collapse or field-plate to increase breakdown voltage, require the deposition of silicon nitride ͑SiN x ͒. For the fabrication of field-plated devices, the SiN x must be reactive ion etched with high aspect ratio to define the gate area, as shown in Fig. 1 . SiN x is usually etched using fluorine-based chemistries in conventional reactive ion etching or inductively coupled plasma systems. In order to ensure the complete removal of SiN x from the bottom of the gate area prior to metal deposition, a significant overetch in the fluorine-based plasma ͑e.g., CF 4 ͒ is usually built into the process. Such extended exposure to fluorine ion ͑F − ͒ bombardment could result in significant changes in the electrical behavior of AlGaN / GaN heterostructures, as has been previously observed for other heterostructures. In fact, such changes have been observed and have been utilized to advantage to modify the electrical properties ͑e.g., control of threshold voltage͒ of fabricated AlGaN / GaN HEMT devices. 2, 3 This is a significant development in that the tailoring of threshold voltages makes the availability of enhancement-mode ͑E-mode͒ devices possible. This is essential to the application of AlGaN / GaN HEMTs to digital circuits with the benefit of low power operation and reduced circuit complexity. To fully understand this process, a detailed study on the modulation of the mobility and sheet concentration of the two-dimensional electron gas ͑2-DEG͒ by the incorporated fluorine ions in the HEMT layer is required.
In this article, we report on a study of fluorine ioninduced damage and the effect of the incorporated fluorine species on the 2-DEG properties in AlGaN / GaN heterostructures. In addition, the effects of rapid thermal annealing on the bombarded heterostructures are presented and discussed.
II. EXPERIMENT
Hall measurement structures were fabricated on AlGaN / GaN epitaxial layer grown by metal organic chemical vapor deposition on 6H-SiC substrates. The epilayer heterostructure consisted of an AlN buffer, a 1 m unintentionally doped GaN, and a 20 nm undoped Al 0.3 Ga 0.7 N layer. Fabrication steps included optical lithography of mesa patterns on the sample followed by mesa isolation etching using Cl 2 / Ar inductively coupled plasma reactive ion etching ͑RIE͒ process. Ohmic pads were formed at the four corners of each mesa. Ohmic contacts were obtained by evaporation of Ti/ Al/ Mo/ Au metallization followed by annealing at 850°C. A square window was opened up on top of each mesa by optical lithography to enable RIE bombardment only on the mesa surface and not on the Ohmic contacts. RIE bombardment on Ohmic contacts has been observed to be detrimental to the electrical performance of the contacts. A conventional RIE system was used to bombard the samples with CF 4 plasma for different time durations and different self-bias voltages. The self-bias voltages were varied by adjusting RIE power density. The pressure has been kept sufficiently high inside the chamber so that the plasma density can be assumed to remain reasonably constant for different RIE power densities. The bombarded samples were annealed at 500°C in a rapid thermal annealing ͑RTA͒ system in nitrogen environment. The annealing was followed by dc transport measurements in a Hall system. Secondary ion mass spectrometry ͑SIMS͒ was performed to obtain the profile of fluorine and carbon atoms inside the epilayer after bombardment and annealing. Atomic force microscopy ͑AFM͒ measurements were conducted to determine any physical etching during the RIE treatment. Figure 2 shows the dependence of mobility on annealing time for different intervals of CF 4 bombardment. The typical 2-DEG characteristics were mobility of 1500 cm 2 / V s and sheet carrier concentration of 1 ϫ 10 13 cm −2 . Due to the existence of a standard deviation from the mean value of the original mobility from sample to sample resulting from nonuniformity in wafer supplied by the vendors, all mobility results have been normalized to their individual unbombarded mobility value. A slight intersample variation has been observed even if the samples were obtained from the same original wafer. In Fig. 2 , it can be seen that plasma bombardment at −450 V self-bias in the RIE chamber resulted in a sharp decrease in the mobility when compared to that of the unbombarded sample. Also seen in Fig. 2 is that the postbombardment mobilities for different samples were between 10% and 20% of the unbombarded mobility. Following annealing at 500°C for short intervals of time ͑30 s in this case͒, there is partial recovery toward the original mobility values. However, the longer the exposure to plasma bombardment, the lesser is the recovery. For instance, a 30 s bombardment with CF 4 plasma followed by 30 s of RTA annealing at 500°C led to 90% recovery of the original mobility as opposed to only 40% recovery for 150 s exposure to plasma followed by the same annealing recipe. With further annealing at the same temperature, a degradation of mobility has been observed for all samples. The deterioration continued until the mobility assumes a saturated value after prolonged annealing ͑10 min or more͒. The final mobility values after prolonged annealing were the lowest ͑ϳ15% of original͒ for samples bombarded with plasma for 120 s or longer. Therefore, it is observed that even after extended annealing, the deterioration is progressively pronounced for samples exposed to plasma for longer durations with as much as 85% reduction, as observed in Fig. 2 . A similar trend in the behavior of sheet concentration of the same samples is observed in Fig. 3 . It is noted that the sheet concentrations of samples bombarded for 30 and 60 s could recover up to 100% after 30 s annealing. At the end of 10 min annealing, the sheet concentration values for these samples reduced by only 10%-20% from the original unbombarded sheet concentration. Samples exposed to plasma bombardment for longer periods demonstrated only partial recovery ͑ϳ70% of the original sheet concentration͒ after short annealing time, and then fall to very low values ͑ϳ30% of the original value͒ after prolonged annealing. Table I shows data that the higher the bombardment voltage, the higher the deterioration, and the lesser the recovery after annealing. The acute reduction in the 2-DEG mobility and sheet concentration of the HEMT layer after plasma bombardment and the partial recovery through subsequent annealing provide a hint of damage induced mechanism at play. It is possible for energetic fluorine ions to damage the AlGaN epilayer crystal structure, thereby adversely affecting the 2-DEG transport properties. As can be seen from Figs. 2 and 3, longer exposure to plasma leads to degraded transport properties, possibly due to more damage to the structure caused by longer bombardment period. A subsequent annealing for a short duration promotes recovery in the transport properties. Furthermore, the data in the Table I point toward damage since degradation of the transport properties increased as plasma self-bias voltage increased. However, the explanation of damage induced degradation of transport properties followed by recovery with annealing does not explain the observation of progressive deterioration of transport properties with prolonged annealing. To be able to explain this behavior of progressive reduction, the behavior of atoms inside the epilayer needs to be investigated. In order to capture the possible mechanisms inside the epilayers, we investigated the samples using SIMS. Figure 4 shows the SIMS data for a sample bombarded at −450 V for 60 s without any annealing. Considerable amount of both fluorine and carbon atoms were detected in the top 10 nm of the epilayer structure with decreasing concentration for increasing depths. After the sample was annealed at 500°C for 60 s, the data in Fig. 5 show a similar trend as in the unannealed sample, but a careful observation reveals a minor peak in fluorine concentration at 20 nm depth where the 2-DEG is located. The SIMS data for the same sample after annealing at 500°C for 10 min show a strong peak in the fluorine concentration at the 2-DEG location at the AlGaN / GaN interface. Comparison of Figs. 4-6 shows that prolonged annealing of the plasma-bombarded sample resulted in progressive diffusion of fluorine in the epilayer toward the 2-DEG channel and an accumulation of fluorine in that region, as was observed by Cai et al. 2 Referring to Fig. 1 , it is seen that the mobility for this sample ͑bombarded at −450 V for 60 s and annealed at 500°C for 10 min͒ was 50% of the original mobility of the unbombarded sample. The reduction in mobility value is strongly attributed to the scattering of electrons with the accumulated fluorine atoms in the channel. The sheet concentration under these conditions was ϳ80% of the original value.
III. RESULTS AND DISCUSSION
One element that also needs to be investigated is whether there was any physical etching of the AlGaN / GaN heterostructure in the CF 4 plasma. For a bombardment at −450 V for 60 s, no etching was detected using AFM. A prolonged 10 min etch was conducted in order to overcome any initial "dead" or "etch-induction" time. The AFM image of the etched region is displayed in Fig. 7͑a͒ , while Fig. 7͑b͒ shows the etch depth of 7 nm that was obtained. This shows that there was a 0.7 nm/ min etch rate at the extreme. We can conclude that etching did not contribute to the degradation of the transport properties. The degradation observed can largely be attributed to fluorine aggregation in the channel region. Therefore, fluorine bombardment using CF 4 plasma can be intentionally performed as an extension of SiN x etching before gate fabrication during device processing to modulate the transport properties of the 2-DEG. With proper annealing conditions leading to reduced mobility sheet concentration, this method can be used to treat AlGaN / GaN HEMTs in order to tailor the threshold voltage. Both D-mode and E-mode devices can be obtained using this technology.
IV. CONCLUSION
A systematic study of the effects of fluorine bombardment on the transport properties of AlGaN / GaN has been performed. Results show a postbombardment reduction in 2-DEG mobility and sheet concentration due to ion-induced damage in epilayer crystal structure. A partial recovery of degraded transport properties is possible through rapid thermal annealing for a short duration. However, a prolonged annealing leads to the diffusion of implanted fluorine atoms in the epilayer toward the 2-DEG channel where an accumulation of the fluorine atoms takes place. The reduction in mobility and sheet concentration after prolonged annealing is attributed to the scattering of the 2-DEG electrons with the accumulated fluorine atoms at the AlGaN / GaN interface. A controlled CF 4 ͑or other fluorine plasma͒ bombardment of F implantation followed by annealing can be used to tailor the threshold voltage of the AlGaN / GaN HEMTs in order to achieve enhancement-mode devices.
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